Microwave (MW) energy was used to enhance the photocatalytic degradation of trichloroethylene (TCE) using titanium dioxide (TiO 2 ) as the catalyst. The reaction rate constant was determined using the Langmuir-Hinshelwood equation kinetic model. Additionally, the influence of the microwave energy level and application method, and TiO 2 dosage on TCE removal were studied. Higher microwave energy level and higher photocatalyst concentration lead to better TCE removal. However, when the TiO 2 dosage exceeds 4 mg/mL, the TCE removal efficiency is not obviously enhanced, demonstrating that the TCE removal is caused more by photocatalyses than microwave heat. Hence, major photo-oxidative reactions induced by microwave radiation to reduce TCE at the TiO 2 particle surface are mostly nonthermal.
Introduction
T RICHLOROETHYLENE (TCE) IS A CHLORINATED volatile organic compound (CVOC) that has been widely used as industrial solvent for degreasing metals and in dry cleaning. It is highly volatile, and thus can be a potential air pollutant to cause serious human health problems (Yim et al., 2000; Yamazaki et al., 2001; Kim et al., 2002; Hegedüs and Dombi, 2004; Takashima et al., 2004; Mohseni, 2005) . Hence, the techniques for safe and environmentally acceptable destruction of the recovered TCE-containing wastes or stocks of TCE solutions are needed. Current techniques for treating TCE, for example, incineration, absorption, or adsorption, are not entirely satisfactory. For instance, the sorption technology produces liquid and solid-phase secondary pollutants; the incineration has good decomposition efficiency but requires high capital costs and produces highly toxic byproducts (Yim et al., 2000; Takashima et al., 2004) . Titanium dioxide, which is a stable, harmless, and inexpensive, semiconductive material, can be activated by solar energy to induce photocatalytic reactions (Ozaki and Zhao, 2004; Takashima et al., 2004; Mohseni, 2005) . Using TiO 2 appears to be an effective method for treating TCE. One example is to apply TiO 2 -induced photocatalytic reactions in aqueous solution to mineralize halogenated organic compounds into carbon dioxide, water, and halide ions (Yamazaki et al., 2001; Kim et al., 2003; Wong and Chu, 2003) . However, the TiO 2 induced photooxidation of TCE has been shown to produce undesirable byproducts such as phosgene, dichloroacetyle chloride, and chloroform (Yamazaki et al., 2001; Mohseni, 2005) .
The microwave (MW) energy has been applied to enhance photocatalytic or photochemical reactions for decomposing some volatile organic compounds (VOC) with some remarkable results (Kataoka et al., 2002; Takashima et al., 2004; Dřímalová et al., 2005; Horikoshi et al., 2006) . Specifically, MW is capable of significantly improving the photocatalytic efficiency of TiO 2 in removing pollutants. The improved photocatalytic activity was attributed to the polarization effect of the highly defected catalyst in the MW field that increases the transition probability of photon-generated electrons and the electron-hole recombination on the semiconductor surface (Kataoka et al., 2002; Horikoshi et al., 2003a; Ai et al., 2005; Zhihui et al., 2005) . For example, by combining TiO 2 with the MW/UV illumination technique, Horikoshi et al. (2003a Horikoshi et al. ( , 2006 demonstrated that the photocatalyzed degradation of 2,4-dichlorophenoxyacetic acid and 4-chlorophenol could be greatly enhanced. They also applied both UV light and MW radiation (PD/MW) simultaneously to enhance the photo-oxidative degradation of phenol (Horikoshi et al., 2003b) . Zhihui et al. (2005) applied the MW-enhanced advanced oxidation process to degrade 4-chlorophenol.
Because the MW energy will produce heat to raise the temperature, whether the elevated temperature contributes to the improved MW-enhanced removal of TiO 2 has not been clearly stated in available literature, although the nonthermal nature has been observed previously in this lab. In this study, degradation of TCE at various MW methods, different dosages of catalyst addition, and MW energy levels will be studied to confirm the nonthermal nature of interactions that contribute to the photocatalytic degradation of TCE.
Materials and Methods

Materials
The schematic diagram in Fig. 1 shows the laboratory setup for conducting the MW-enhanced photocatalytic degradation. A household MW oven (SAMPO Co., Taiwan, R.O.C., MOB-P23, frequency 2,450 MHz, power 750 W) was used to generate MW energy. The column reactor was made of low-energy-loss and heat-resistant (up to 700°C) amber boron-silica glass with screw cap that has Teflon lining. It was installed in the MW to hold the sample for carrying out the experiment.
The 145-mg/L TCE solution was prepared by dissolving 7.25 mg of 95% pure TCE (GR Reagent, Acros Organics, Pittsburgh, PA) in 50-mL methanol (99.9% purity, GR Reagent, TEDIA, Castle Rock, CO) in the boron-silica glass reactor. After complete mixing, the final volume was brought up to 50 mL with methanol. The crystal form of Titanium dioxide (TiO 2 , P-25), known as Anatase made by Showa Chemical Co., Ltd., Japan, was used as the catalyst.
Methods of analyses
When treating TCE samples, the maximum microwave power was fixed at 700 W to keep the working temperature below the boiling points of either solvent or solute to avoid material loss due to vigorous boiling. Even if kept at 700 W, MW will cause the sample to boil if it is applied continuously for a long time. Hence, the MW is applied intermittently to prevent the boiling problem. Three operating schemes were as follows: 
FIG. 2.
Influence of the MW operating conditions on the temperature of TCE solution without TiO 2 addition at an applied MW power of 700 W.
Three sets of samples each containing 2, 4, and 10 mg/mL of P-25 TiO 2 , respectively, were prepared to treat 5 mL of 145-mg/L TCE solution, the MW power output fixed at 700 W. The 2 mg/mL P-25 TiO 2 catalyst was placed on TCE solution directly and the prepared samples were treated using 210, 350, 490, and 700 W of MW energy level.
Qualitative analyses were done with an HP 6890 gas chromatography (GC) coupled with an HP 5973 mass selective detector (MSD). A capillary column (HP-5MS, 30 m ϫ 0.25 mm ϫ 0.25 m) was used for identifying the degradation intermediates and final products. The carrier gas (He) flow rate was maintained constant at 1.5 mL/min. The oven temperature was programmed from 70 to 260°C (held for 5 min) at a ramp rate of 30°C/min. The GC injector temperature was 250°C and MSD injector temperature was 320°C.
Results and Discussion
Influence of MW operating conditions on the temperature and removal efficiency of TCE solution
When irradiating a solution, the MW energy is absorbed by the solution and simultaneously converted to heat energy through molecular motion induced by rotation of dipoles and migration of ions (Yuan et al., 2006) . Figures 2 and 3 show that in run 1, the TCE temperature rises rapidly to reach 67°C for only 20 s. Because the solvent methanol has a boiling point of 64.7°C and flash point of 12°C, the solution boils abruptly with about 20% of TCE loss. The experiment has to be stopped at 20 s. In run 2, the solution temperature rises slowly before the total time reaches 280 s. Afterward, the temperature remains relatively unchanged at 40°C with some methanol evaporated to raise the TCE concentration slightly. In run 3, the solution temperature gradually increases before the sample has been treated for 260 s. After 260 s, the temperature is maintained at 60°C, which is close to the boiling point of methanol. Because the MW energy is applied intermittently, the solution molecule will be not continuously agitated to reach the rigorous status thus avoiding an abrupt boiling of the TCE solution. This allows the experiment to continue for a total time of 960 s to reduce 20% of TCE. The above observed phenomena demonstrate that the MW thermal energy alone will not be effective in reducing TCE; this observation is consistent with the results reported by other researchers (Horikoshi et al., 2003 (Horikoshi et al., , 2004 Zhihui et al., 2005) .
Influence of applied MW power on removal efficiency of TCE
Using MW-enhanced photocatalytic degradation of TCE, the observed improvement of TiO 2 catalytic activity is attributed to the polarization effect of the highly defected catalysts. In the microwave field, the polarization effect causes an increased transition probability of photon-generated electrons and decreased electron-hole recombination on semiconductor surface (Zhihui et al., 2005) . Figure 4 shows the influence of applying 210, 350, 490, and 700 W on TCE removal using 2 mg/mL of P-25 TiO 2 . Increasing the MW energy level will raise TCE removal efficiency regardless of the MW energy level applied. In run 3, the TCE removal efficiency doubles for the next higher MW energy level applied, that is, 3, 7, 17, and 35% for 210, 350, 490 , and 700 W, respectively. Additionally, when the MW energy level is kept at 700 W, the solution temperature is maintained almost constant at 67°C in run 1, 40°C in run 2 and 60°C in run 3. Hence, the effect of MW radiation to enhance the photooxidation for cracking molecular bonds is mainly attributed to nonthermal interactions of MWs with the TiO 2 particle surface. However, the 
FIG. 4.
Influence of microwave energy levels on TCE removal efficiency by adding TiO 2 of 2 mg/mL.
MW radiation applied in the absence of TiO 2 will have only physical thermal desorption to reduce TCE.
Influence of TiO 2 dosages on removal efficiency of TCE
If adsorption of catalyst occurs at the catalyst surface, the adsorption rate can be delineated with the Langmuir-Hinshelwood kinetic model (Yamazaki et al., 2001) .
where is the surface coverage, k is the photocatalytic reaction rate constant, K is the equilibrium adsorption constant, and C is the concentration of VOC. 
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With the MW power kept at 700 W, the influence of TiO 2 dosages on TCE removal for the various runs is shown in Figs. 5a-c. If 2 mg/mL of P-25 TiO 2 is used as the photocatalyst (Fig. 5a ), applying microwave energy in "run 1" will achieve 23% removal of TCE with 0.011 s Ϫ1 reaction rate constant. In "run 2," 13% of TCE is removed with 0.003 s Ϫ1 reaction rate constant, while in "run 3," 33% of TCE is removed with 0.006 s Ϫ1 reaction rate constant. If 4 mg/mL of P-25 TiO 2 is added as the photocatalyst, Fig. 5b shows that 27% is removed in "run 1" with 0.018 s Ϫ1 reaction rate constant; 16% of TCE removed with 0.029 s Ϫ1 reaction rate constant in "run 2"; 36% of TCE removed with 0.007 s Ϫ1 in "run 3." If the P-25 TiO 2 dosage is further increased to 10 mg/mL, the results shown in Fig. 5c reveal that 22% of TCE is removed with reaction rate constant of 0.018 s Ϫ1 in run 1"; 20% removed with 0.035 s Ϫ1 reaction rate constant in "run 2" and 38% removed with 0.008 s Ϫ1 in "run 3."
The above observations indicate that increasing the TiO 2 dosage from 2 mg/mL to 4 mg/mL will definitely raise the reaction rate constant to enhance TCE removal. However, additional increase of TiO 2 dosage above the 4 mg/mL level will not further enhance TCE removal. When the TiO 2 dosage is lower than 4 mg/mL, the enhanced degradation is likely contributed by the availability of more available total area (or number of active sites) due to increasing dosages of TiO 2 . When TiO 2 is overdosed, the intensity of MW radiation penetration decreases because more MW radiation is scattered by TiO 2 particles. Thus, the benefit brought about by increasing TiO 2 dosages above 2-4 mg/mL is countered leading to the observed reduction of TCE removal (Horikoshi et al., 2006) .
Hence, removal of TCE using the MW radiation in the absence of TiO 2 is contributed by thermal desorption or the thermal effects. However, when TiO 2 is used along with the MW energy, there should be a synergistic effect of the thermal and the photocatalytic reactions to remove more TCE in a shorter reaction time so that a higher removal efficiency of TCE conversion is expected.
Conclusion
In the study, the MW-assisted photocatalytic degradation of TCE using TiO 2 was studied. When only MW radiation is applied, thermal interactions are the major mechanism to reduce TCE. In the presence of TiO 2 , the effect of MW radiation in the photo-oxidation to crack molecular bonds is mostly caused by interactions of MWs with the TiO 2 particle surface.
Results of laboratory studies also show that higher MW energy levels enhance TCE removal when the applied MW power is between 210 to 700 W; at highest 700 W the removal is 35%. The TCE removal is also improved with higher dosages of TiO 2 not exceeding 4 mg/mL. Hence, the MWassisted TiO 2 treatment has a synergistic effect of the thermal, lower consumption of energy and the photocatalytic reactions to reduce more TCE within a shorter time.
